This work focused on the experimental analysis of depleted uranium irradiated with 14 MeV neutrons to obtain fission yields for 20 fission products with half-lives ranging from 16.8 h to 30.1 years. Several analytes were identified where improvements to the available nuclear data would be beneficial. The results obtained from this experiment could be used to make improvements to cumulative fission yield data once confirmatory measurements are made. The required separations will be described along with a comparison to the reported Evaluated Nuclear Data File fission yields and other experimental measurements.
Introduction
At time frames less than several days it is possible to use direct analysis with high purity germanium (HPGe) detectors to quantify short-lived fission products (half-lives of 75 s to 3 days) for the purpose of actinide identification [1] [2] [3] [4] . Direct sample analysis can prohibit the quantification of analytes with low fission yields and/or spectral interferences. For radionuclides with half-lives in the 1 day-30 year range the use of whole sample analysis combined with radiochemical separations provides a means to quantify additional isotopes; the time frame for analysis to include sample dissolution and separations would expand to several days up to a few weeks. The use of radiochemical separations also necessitates the use of chemical laboratories capable of processing a wide variety of radioactive materials.
The radiometric analysis for determination of cumulative fission yields necessitates the use of a variety of nuclear data including peak fission product yields, branching ratios, and decay schemes. Some nuclear data have high uncertainties such as the Evaluated Nuclear Data File (ENDF) cumulative fission yields (CFY) for certain radionuclides including 91 Y and 136 Cs [5] . Experimental measurements provide an opportunity to improve certain nuclear data. A sequential separation scheme was utilized so that one aliquot of the stock solution produces fractions for each analyte. Sequential separations maximize the amount of each analyte available for separation which is especially beneficial for analytes with low fission yields as well as samples with a low number of fissions. Previous work by Douglas et al. and Morley et al. demonstrate the use of sequential separation schemes for analysis of multiple fission and/or activation products from irradiated actinide targets [6, 7] . The separation scheme employed for this work, Fig. 1 , was designed to accommodate the large actinide targets required to obtain sufficient fissions to achieve good radiometric results.
A depleted uranium (DU) target was irradiated for 24 h at the Pacific Northwest National Laboratory using a deuterium-tritium (DT) neutron generator. Following dissolution a portion of the sample was gamma counted using HPGe detectors for quantification of multiple high-yield fission products. A portion of the sample went through several radiochemical separations followed by gamma and liquid scintillation counting for quantification of low-fission yield and/or predominately beta emitting radionuclides. Due to half-life constraints for some of the radionuclides these separations must be performed quickly; the chemistry and sample preparation for all the radionuclides was completed in less than 72 h post sample dissolution with many radionuclides prepared in less than 48 h.
Experimental

Target and irradiation conditions
A Thermo D711 DT neutron generator with a nominal accessible neutron flux of 1 9 10 9 n/cm 2 /s is located in the center of the low scatter facility at PNNL. A target was fabricated consisting of five inch diameter 99.998% 238 U foils with a total mass of 1.554 g along with high purity foils of Al, In, Ni, Au, and Fe; the original preparation of the DU foils are given by Adair and Kobisk [8] . The target, having a configuration shown in Fig. 2 , was fixed to the center of the generator head and irradiated for 24 h. A inch diameter Whatman ashless filter with 2.79 mg HEU was placed between the 2nd and 3rd DU foils in order to calculate the spectral index; these results are not discussed here so the filter is not shown in Fig. 2 . A description of the neutron energy and fluence corrections is given in the Supplementary Information.
Target dissolution
After irradiation the target foil stack was separated. The fluence foils were gamma counted to determine the fission spectrum and correct for target self-adsorption. The DU Np, and 50 lg each of Sr, Sm, Eu, Tb, and Y from single element 1000 lg/mL ICP standards from Inorganic Ventures. After combining the stock solution and tracers, 2 mL 0.6 M iron (II) sulfamate, 1 mL 1 M ascorbic acid, and 1 drop ammonium thiocyante were added to the samples to ensure Np and Pu were in the (IV) and (III) oxidation state, respectively.
Bulk UTEVA resin (100-150 lm) from Eichrom Ò was hydrated in deionized (DI) H 2 O then loaded into Bio-Rad 1.5 cm inner diameter columns to generate a 25 mL bed volume. The UTEVA column was then conditioned with 75 mL 3 M HNO 3 . The DU samples were each loaded onto a UTEVA column and the containers rinsed three times with two mL 3 M HNO 3 to ensure complete transfer. The UTEVA column was then rinsed with 75 mL 3 M HNO 3 . The load and rinse eluate were collected together for further separation of Cd, Cs, Sr, and the lanthanides through a TRU/SR/DGA cartridge stack as described later. The UTEVA column was rinsed with 50 mL 9 M HCl then 250 mL 5 M HCl-0.05 M oxalic acid to elute Ag and Np which under went further separation as described below; Ag elutes in excess chloride solutions due to formation of anionic chloride complexes including [AgCl 3 ] 2- [9] . The UTEVA column was rinsed with 300 mL 0.1 M HCl to elute U and Mo.
The Ag and Np fraction was processed through a AgCl precipitation to isolate Ag. The sample was wet ashed with concentrated HNO 3 and 30% H 2 O 2 then reconstituted in 3 M HNO 3 . After adding 200 mg Ag carrier the samples were precipitated with a chloride solution. The samples were filtered and the AgCl precipitate was dissolved in NH 4 OH. The final Ag fraction was prepared for gamma counting 111 Ag with yielding by 110m Ag tracer. The UTEVA load and rinse eluate was dried down on a hot plate and resconstituted in 10 mL warm 3 M HNO 3 . Each sample was separated with a triple stack of Eichrom's 2 mL TRU, SR, and DGA resin cartridges (TRU on top, followed by SR, DGA on bottom) using a vacuum box; the resins were conditioned with 10 mL 3 M HNO 3 . Each sample was loaded onto the resin stack and the container rinsed three times with 2 mL 3 M HNO 3 . The resin stack was then rinsed with 10 mL 3 M HNO 3 . The load and rinse eluate was collected together for further separation. The TRU/SR/DGA stack load and rinse eluate went through a phosphate hydroxide precipitation to separate Cs and Cd. Barium carrier (200 mg) and concentrated phosphoric acid (* 200 lL) were added to each sample. Enough 10 M NaOH was added to adjust the pH to 9-10 which generates a red precipiate due to the iron introduced from the reducing agent. 134 Cs tracer. The Cd/Ba precipitate was dissolved in 10 mL 1 M HCl containing 60 lg Te carrier. The resulting solution was separated using a 2 mL prepacked Bio-Rad AG1X8 gravity column conditioned with 10 mL 1 M HCl. After loading the sample the column was rinsed with 45 mL 1 M HCl to remove Ba and Te contamination. Cd was eluted from the the column with 20 mL 2 M HNO 3 . The final Cd fraction was prepared for gamma counting 115,115m Cd with yielding by 109 Cd. The SR cartridge was separated from the stack and processed through a separation to isolate 89 Sr from Ba. Each cartridge was rinsed with 5 mL 3 M HNO 3 -0.05 M oxalic acid followed by 25 mL 8 M HNO 3 . Sr was eluted with 10 mL 0.05 M HNO 3 which was acidified to 8 M HNO 3 with concentrated HNO 3 then loaded onto a second SR cartridge. The same elution steps were repeated and the Sr fraction was prepared for ICP-OES and LSC.
The lanthanides and Y were recovered from both the TRU and DGA cartridges. The TRU cartriges was rinsed with 5 mL 3 M HNO 3 -0.1 M NaNO 2 followed by 6 mL 2 M HCl. The DGA cartridge was rinsed with 6 mL 1 M HCl (which was discarded) followed by 15 mL 0.25 M HCl. The TRU and DGA eluates were combined, wet ashed using concentrated HNO 3 and 30% H 2 O 2 , then reconstituted in 2 mL 8 M HNO 3 -0.01 M NaBrO 3 and 50 lg Ce carrier was added. The use of NaBrO 3 oxidizes Ce(III)-Ce(VI). A prepacked 2 mL UTEVA gravity column (100-150 lm) was conditioned with 5 mL 8 M HNO 3 -0.01 M NaBrO 3 . Each sample was loaded onto a column and the container rinsed with a total of 2 mL 8 M HNO 3 -0.01 M NaBrO 3 . The column was rinsed with 10 mL 8 M HNO 3 -0.01 M NaBrO 3 . The load and rinse eluate were collected together and processed for further separation of the lanthanides. The UTEVA column was rinsed with 5 mL 8 M HNO 3 then 10 mL 0.05 M HCl with 2-3 drops 30% H 2 O 2 to elute Ce(III). The Ce fraction was analyzed by gamma spectroscopy and chemical yield corrections were based on 141 Ce present in the stock solution compared to the separated fraction.
The load and rinse eluate from the 2 mL UTEVA column was dried down and converted to 0.01 M HNO 3 . Each sample was loaded onto a gravity column containing 0.78 g Eichrom Ò LN resin (50-100 lm) with a HNO 3 gradient to give separated Sm, Eu, Tb, and Y fractions. The Sm, Eu, and Y fractions were prepared for gamma counting and ICP-OES analysis. The Tb fractions were processed through an additional 0.78 g LN resin column for further purification prior to low energy photon spectroscopy (LEPS); the fractions were split for ICP-MS analysis. The HNO 3 gradients for the intra-lanthanide separation and additional Tb purification are provided in the supplementary information. A version of this separation using 1.56 g Triskem Ò LN resin (50-100 lm) with a HNO 3 gradient is described by Jiang et al.; the use of more resin accomodates larger carrier masses [10] .
Sample analysis
Samples were analyzed by gamma spectroscopy, liquid scintillation counting (LSC), ICP-OES, and/or ICP-MS. A description on the sources of uncertainty is included in the supplemental information; uncertainties in counting statistics were based on Currie [11] . Samples analyzed by gamma spectroscopy and/or ICP-OES were monitored for impurities which might result in spectral interferences.
Samples were counted on multiple HPGe detector systems in the same geometry as the calibration standards. All gamma data was collected and analyzed using Canberra Genie 2000 V3.4.1 and APEX software. The data were corrected for decay during irradiation and counting, and were reported at the end of the irradiation time. Corrections are applied for cascade summing in all counting geometries. The gamma detectors were calibrated using NIST traceable multi-isotope standards obtained from Eckert and Zeigler. Nuclear data including half-lives and gamma branching ratios were adopted from the NUDAT2 database at the National Nuclear Data Center at Brookhaven National Laboratory.
A Quantalus 1220 Ultra Low Level LSC was used to count 89 Sr. The samples contained 1 mL 1% HNO 3 with 19 mL Optima Gold cocktail. Samples were analyzed by gamma spectroscopy prior to LSC to ensure complete removal of 140 Ba. A Thermo iCAP7600 duo ICP-OES was used for chemical yielding of stable carriers for Sr, Sm, Eu, and Y. An Agilent 7700 ICP-MS was used for chemical yielding of stable Tb carrier. All samples were prepared gravimetrically.
Results and discussion
A target consisting of DU and several neutron fluence foils was irradiated using * 14 MeV neutrons in the low scatter facility at PNNL. Use of the low scatter facility minimizes thermal neutron room return keeping the neutron energy as close to 14 MeV as possible. Based on the activation of the fluence foils, the neutron fluence was 9.77 9 10 13 ± 2% n/cm 2 . The 238 U fission cross-section weighted average neutron energy was determined to be 14.24 ± 0.15 MeV with a peak energy of 14.4 MeV. The fluence was calculated using the STAYSL code for several energy bins with the results shown in the Supplementary Information in [12] .
Following irradiation the DU was removed from the target then dissolved to generate a stock solution containing 26.3600 mg U/g solution in 4 M HNO 3 . An aliquot of the stock solution was analyzed multiple times over the course of 7 weeks for 10 peak-yield fission products ( 95/97 Zr, 99 The measured 115m Cd CFY matches JEFF-3.1.1 (3.86 9 10 -4 ± 8.21%) rather than ENDF [15] The 14 MeV irradiation of DU was performed in both 2017 and 2018 with a nearly identical setup (HEU was not included in the target in 2017) and chemistry. The CFY results for each analyte in two experiments were statistically consistent within ± 1r uncertainty except for 97 The absolute CFY for each analyte was calculated based on the atoms of each radionuclide and the fissions which were produced in the sample as shown in Eq. (2) . The CFY for the radionuclides quantified at PNNL along with the relative uncertainties are shown in [5, 13, 14] .
CFY ¼ Atoms of X per gram stock DU solution Fissions per gram stock DU solution ð2Þ
The ratio for the PNNL and ENDF CFYs with the propagated uncertainties are shown in Fig. 3 ; the ratio overlaps 1 when the two values are consistent within their uncertainties. The PNNL/ENDF ratio shows there are several isotopes which have very large uncertainties or are not consistent between the two data sets, see Fig. 3 . The large uncertainties for 91 Y and 136 Cs are primarily due to the large uncertainties for the ENDF values; the nuclear data for both these isotopes could be improved through the PNNL measurements. The large uncertainty in the 115m Cd is due to high uncertainty in the gamma branching ratio as well as low activity due to a low fission yield and a relatively long half-life of 45 days. The nuclear data for the 115m Cd branch ratio is another area where nuclear data needs improvement; however, this would require a different type of experiment to generate sufficient 115m Cd for adequate quantification.
Several 153 Sm may be * 15% high [16] . The source of the CFY discrepancy should be considered since it could impact other fission yields including 238 U fission with 14 MeV neutrons. The CFY for 111 Ag appears low in the 2018 experiment but not in the 2017 experiment; the 2018 stock DU solution was also analyzed using a Compton suppression detector system to check for fractionation during chemistry but the two values were Fig. 3 Ratio of the measured PNNL CFY to the ENDF CFY; 115m Cd ratio uses JEFF-3.1.1 rather than ENDF (error bars are ± 1r) [15] virtually identical indicating this was not the source of the issue and it should be investigated further. The CFY for 161 Tb in 2017 and 2018 are not consistent although the 2018 value agrees well with ENDF; the 2018 samples were analyzed using LEPS which is the standard method used at PNNL for this analyte while the 2017 samples were analyzed by LSC. The discrepancy is most likely due to the LSC analysis which requires further development prior to implementation.
The chemical yields for analytes quantified post radiochemical separations are shown in Table 2 . One Cd fraction was used to quantify 115, 115m Cd and one Cs fraction was used to quantify 136, 137 Cs. Due to half-life differences in the two Cd isotopes and the two Cs isotopes each fraction was counted twice at different decay times and for different count times. The reported yields for each isotope reference the respective tracer, 109 Cd or 134 Cs, in the same count as that specific isotope not an average across multiple counts. The uncertainties on the yields were also propagated through to the CFY although the values are not shown in Table 2 . The yields for 144 Ce and 161 Tb are lower than expected which appears to be an impact from the use of the 20 mL UTEVA column and subsequent volume changes to the TRU and DGA separations not seen for low actinide samples which use a 2 mL UTEVA cartridge. The cause for this as well as a way to fix the problem requires additional investigation; the count times for the samples were increased to make up for the loss in yield.
Conclusions
The irradiation and analysis of DU irradiated with 14 MeV neutrons has enabled a comparison of experimental results made at PNNL to the ENDF CFY for 20 fission products. The radiochemical separations allowed for analysis of radionuclides with low fission yields, interferences in the whole solution, relatively short half-lives, and/or those with primarily beta emission. The nuclear data obtained in this experiment has lower uncertainties for 91 Y and 136 Cs which could be utilized to improve the available data. To enable direct comparisons the nuclear data community should use the same nuclear data which is most easily accessed as part of a database such as ENDF. The database is periodically updated and should include evaluated data sets which provide improved nuclear data for a given analyte.
The 14 MeV irradiation of DU experiment was performed in both 2017 and 2018 which allowed for confirmatory measurements; the 2018 results are reported here. Additional irradiations are being planned will allow us to perform additional confirmatory measurements as well as continue to address the few analytes which require further investigation. Analysis of additional 14 MeV irradiations will be beneficial for investigating the difference between the measured and ENDF CFY for 89 Sr, 111 Ag, and 153 Sm. The chemical yields for Ce and Tb were lower than expected which will also be investigated. 
